] C (HCMD) at the subplasmalemmal region. These HCMD induce exocytosis of the docked secretory vesicles. Mitochondria close to VOCC take up large amounts of Ca 2+ from HCMD and stop progression of the Ca 2+ wave towards the cell core. On the other hand, the increase of [Ca 2+ ] at the mitochondrial matrix stimulates respiration and tunes energy production to the increased needs of the exocytic activity. At the end of stimulation, [Ca 2+ ] C decreases rapidly and mitochondria release the Ca 2+ accumulated in the matrix through the Na + /Ca 2+ exchanger. VOCC, CICR sites and nearby mitochondria form functional triads that co-localize at the subplasmalemmal area, where secretory vesicles wait ready for exocytosis. These triads optimize stimulus-secretion coupling while avoiding propagation of the Ca 2+ signal to the cell core. Perturbation of their functioning in neurons may contribute to the genesis of excitotoxicity, ageing mental retardation and/or neurodegenerative disorders. 
Introduction
The adrenal gland is responsible for the adjustment of many physiological functions to demanding or stressful conditions through secretion of the catecholamines adrenaline and noradrenaline. In addition, Ca 2+ triggering of adrenaline secretion from chromaffin cells has been used as a general model for stimulus-secretion coupling [20] . According to the initial formulation, stimulus promotes Ca 2+ entry, which increases the cytosolic Ca 2+ concentration ([Ca 2+ ] C ) and
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triggers exocytosis [20, 21] . Later studies showed that the genesis of the [Ca 2+ ] C signal includes subtle nuances contributed by the intracellular Ca 2+ -handling organelles [5, 8, 24, 25] have been reported for myocytes [58] and various neuronal types [1, 23, 46, 54] . On the other hand, values of 40-100 have been reported for rat chromaffin cells [11, 29] and bovine chromaffin cells [40, 60, 63] .
The approximate values of several relevant parameters in order to estimate the effects of calcium redistribution among different compartments are summarized in Table 1 2+ channels that can be activated by second messengers and that they could be activated under physiological conditions [44, 61] . The calcium contained in other acidic granules, such as lysosomes or endosomes (not shown in Table 1 ), could also play a role [43] , although the size of this pool is much smaller. Finally, it has been proposed that the nucleus could also contain a releasable Ca 2+ pool stored within the nuclear envelope and their invaginations to the nucleoplasm, the nucleoplasmic reticulum, as well as complexed inside nuclear nanovesicles that are below electron microscope resolution [4, 62] . The mitochondria store little or no calcium in the resting condition ( the nuclear envelope and at the plasma membrane [37] . Brief opening of voltage-operated Ca 2+ channels (VOCC) generates microdomains of high [Ca 2+ ] C near the mouth of the channel which can be detected in Ca 2+ imaging measurements [40] . In such microdomains Ca 2+ can reach concentrations as high as 10 μM and perhaps 100 μM [10, 38] . Because of rapid diffusion of Ca 2+ towards the surrounding cytosol, [Ca 2+ ] C microdomains are very much restricted in time and space [38, 39] . The presence of mobile buffers accelerates diffusion and opposes development of HCMD [52] . For example, 50 μM fura-2 in the cytosol increases the rate of diffusion fourfold [63] . 2+ ] C . The probability of generation of an HCMD increases very much with the coincidence in time and space of the opening of many calcium channels. This depends on four dimensions, the three spatial coordinates (x, y and z) and time (t), which can be regarded as the degrees of freedom that oppose HCMD generation. In excitable cells, the generation of HCMD is very much favoured. The z coordinate for the calcium channels is severely restricted, as the channel has to lie within the plasma membrane plane. In addition, channels may tend to pack together in clusters, thus introducing additional restrictions on x and y. Finally, because the channel openings are synchronized by the action potential, the t dimension is also severely restricted. The result is that the probability for HCMD generation at the subplasmalemmal region and coincident in time with action potentials is very much increased in excitable cells. Ca 2+ release from the intracellular Ca 2+ stores may also favour formation of HCMD; the spatial coordinates of the Ca 2+ channels of the stores are also restricted, as they can only locate at the ER membrane. In this case a specific HCMD topography can be favoured by the geometric disposition of the ER and its spatial relation to other organelles or morphological differentiations, for example mitochondria, nucleus or secretory vesicles (SV) [18, 50] . Finally local gradients of channel agonists, such as InsP3, must also synchronize the opening of Ca 2+ channels that are physically close in space. Ca 2+ -induced Ca 2+ release (CICR), which is observed for both ryanodine receptors and InsP3 receptors [15] , also tends to restrict the time span, thus increasing the probability of a HCMD.
High
Calcium entry by activation of VOCC. Coupling to transport by the endoplasmic reticulum Ca 2+ entry through VOCCs in chromaffin cells has been studied with great detail [29, 60, 63] . Membrane depolarisation to 0 mV elicits Ca 2+ currents peaking near 800 pA that deactivate with a half-time of 300-500 ms. In bovine chromaffin cells, a depolarising stimulus lasting for 0.5 s typically elicits a mean I Ca of 250 pA, which, in terms of Ca 2+ flow, is equivalent to 700 μmol · l cells −1 · s −1 [63] . Measurements of 45 Ca uptake by bovine chromaffin cells depolarised with high K + during 5 s gave rates of 0. , which is still much larger than the measured value, suggesting that more than 90% of the entering Ca 2+ is muffled [54] by transport out of the cytosol. Using aequorins targeted to different organelles delivered by a herpes virus [2] , we were able to measure the contribution of the different transport processes [55] . Results are summarized in Fig. 1 . The rate of Ca 2+ entry was 700 μmol · l cells
] C (taking into account cytosolic buffering) was only 40 μmol · l cells
. The difference was due to pumping out Ca mitochondria, which is, by far, the largest component, more than 90% of the total entry ( Fig. 1) (Fig. 1c) . That is why CICR is so difficult to evidence and also why it is so efficient, as Ca 2+ is released just over the target. In addition, Ca 2+ missing the target is taken up again by ER and rereleased at the right place. Coupling of CICR to function is probably due to physical relationships.
Mitochondrial calcium transport
Chromaffin cell mitochondria accumulate large amounts of Ca 2+ during stimulation with either high K + solutions, acetylcholine or caffeine [36] . Ca 2+ is taken up through the mitochondrial Ca 2+ uniporter (MCU), a protein associated to the inner mitochondrial membrane that has been cloned recently [12, 19] (Fig. 2a) . MCU is a low-affinity/highcapacity system that uses the mitochondrial membrane potential (ψ m ) as the driving force for Ca 2+ uptake [27] . Since ψ m at rest is −150 to −180 mV, this transport system would promote accumulation of Ca 2+ into the mitochondrial matrix up to five to six orders of magnitude above [Ca 2+ ] C at the thermodynamic equilibrium [13] . Ca 2+ exit from mitochondria takes place through a Na + /Ca 2+ exchanger and also through a Na + -independent system, the former being dominant in the adrenal medulla [27] (Fig. 2a) . The calciumbinding capacity for Ca 2+ (κ S ) inside the mitochondrial matrix seems to be very high, in the 10 3 range [11, 17, 29, 30] . In addition, it has been proposed recently that precipitation of Ca 3 (PO 4 ) 2 into the matrix con account for additional, almost unlimited, buffering [16, 57] .
It has been repeatedly reported that mitochondria can clear cytosolic Ca 2+ loads in rat [11, 29, 57] and bovine chromaffin cells [36, 55, 60] . We have studied the kinetics of uptake by mitochondria in permeabilized bovine chromaffin cells infected with mitochondria-targeted aequorin probes [36, 55] . Measured mitochondrial uptake nicely fitted to the equation
where V max 0158 μM · s −1 and K 50 023 μM. The K 50 value is similar to both, the one obtained previously with isolated mitochondria from liver and heart and bovine adrenal medulla (10-15 μM) [26, 27] and the one estimated by Xu et al. [60] from measurements of the decrease of [Ca 2+ ] C in intact bovine chromaffin cells (40 μM). The value of V max we estimate above would be equivalent to 6,320 μmol · l cells
, not far from the 4,800 value estimated by Xu et al. using an entirely different procedure based on clearance of Ca 2+ photoreleased to the cytosol from a caged compound [60] .
Because of the enormous driving force pushing Ca 2+ from the cytosol towards the mitochondrial matrix, transport through the MCU is usually unidirectional. However, when the mitochondria depolarize, the electrochemical gradient [35] . Opening of the permeability transition pore (Fig. 2a) can also produce mCICR [31] .
Under normal conditions, the exit of Ca 2+ from Ca 2+ -loaded mitochondria takes place mainly through the Na + /Ca 2 + exchanger (Fig. 2a) [26] . In our study with bovine chromaffin cells [55] , mitochondrial release (at 37°C) had a sigmoidal kinetics that could be fitted by the following equation:
with K 50 0217 μM and V max 020 μM/s, which would be equivalent to 780 μmol · l cells
, one order of magnitude smaller than V max for mitochondrial Ca 2+ uptake (see above). Sigmoidicity disappeared at 22°C. The Na + /Ca 2+ exchanger inhibitor CGP37157 antagonized mitochondrial Ca 2+ exit, both at 37°C and at 22°C [55] . ] M can remain above micromolars levels for several minutes after cell stimulation [57] .
Mitochondrial
The amount of calcium taken up into mitochondrial could be very large. During maximal stimulation of Ca 2+ entry trough VOCC [Ca 2+ ] M peaks as high as 300-400 μM can be reached [36, 55] (Fig. 2b, c) . Should all this Ca 2+ be bound, this would make a [
T Ca] of 300-400 mM. A part of this calcium could precipitate as calcium phosphate into the mitochondrial matrix thus not generating osmotic stress [16, 57] . The value of the solubility product is compatible with the figures obtained here.
Note that the Ca 2+ overload that enters through the plasma membrane during chromaffin cell stimulation is taken up preferentially by mitochondria, with very little uptake into ER (Fig. 1) . This is to be expected from the characteristics [10, 38, 55] . Under these conditions (A2 in Fig. 3 ), Ca 2+ is taken up mainly by mitochondria. Note that: (1) even though ER is accumulating Ca 2+ at its V max , the uptake by mitochondria is about 100-fold faster because of the high capacity of the mitochondrial uniporter; and (2) V max of the uniporter is still ten times as large as the influx through VOCC and hence enough to muffle the Ca 2+ overload (Fig. 3) . We have demonstrated recently that, contrarily to what happens in chromaffin cells, the Ca 2+ overload induced by activation of store-operated calcium entry (SOC; a plasma membrane channel that activates when the intracellular calcium stores are emptied) is taken up mainly into the ER in several cell models [6, 33, 34] . We attribute this difference to the fact that HCMD seen by mitochondria during activation of the SOC are smaller, in the 10 −6 range (A1 in Fig. 3 ). This is enough to promote near maximal uptake into the ER, but uptake through the uniporter is relatively small (10-100 times slower).
Two different mitochondrial Ca 2+ pools are generated during activation of chromaffin cells Measurements with aequorins allow to trace a memory of the Ca 2+ changes, as the photoprotein is burned out in the compartments where [Ca 2+ ] has been high. Our results suggest the existence of two different mitochondrial pools, M1 and M2, which take up Ca 2+ at very different rates in response to activation of VOOCs. Pool M1 takes up Ca 2+ at a rate of about 50 μM/s, 30% of uniporter's V max , whereas uptake by pool M2 is about 150 times slower [36, 55] . According to the saturation kinetics parameters measured in chromaffin cells mitochondria, this corresponds to the rates obtained at about 20 and 2 μM [Ca 2+ ] C , respectively. We believe that M1 corresponds to mitochondria close to the plasma membrane, which sense HCMD formed close to the mouth of VOCC and takes up very large amounts of calcium, thus muffling the progression of the Ca 2+ wave towards the cell core (Fig. 4a) . Since the sphere volume increases more than surface on moving away from the centre, the pool M1, containing 50% of mitochondria, would occupy a deepness of less than 2 μm below the plasma membrane in a 15-μm diameter cell (corresponding to the dotted subplasmalemmal area in Fig. 4a ). This mitochondrial pool would accumulate most of the entering Ca 2+ load whereas pool M2, at the cell core, would sense much smaller [Ca 2+ ] C and take up a minor fraction of the load. Electron microscopy X-ray microanalysis of frog sympathetic neurons after stimulation with high K + also revealed the existence of two mitochondrial pools with different Ca 2+ contents [46] and so did aequorin in mouse sympathetic neurons [41] and pancreatic beta cells [48] . In pancreatic acinar cells, entry of Ca 2 + through plasma membrane also caused preferential Ca 2+ uptake into subplasmalemmal mitochondria [42] .
Functional triads composed by VOCC, CICR and subplasmalemmal mitochondria generate HCMD that optimize coupling to secretion As pointed out above, the [Ca 2+ ] C signals generated by activation of VOCC can be amplified by CICR in chromaffin cells [3] . Strategic location of VOCC, CICR sites and the mitochondrial M1 pool conforming functional triads is essential for maximizing HCMD and optimizing secretion [24, 36] (Fig. 4b) . Thus [Ca 2+ ] C hotspots reach concentrations of as high as 50 μM at the subplasmalemmal region, where SV are docked. VOCC is the trigger, CICR the amplifier and then subplasmalemmal mitochondria (M1) act as a contention wall that accumulates calcium and avoids propagation of the calcium wave towards the cell core. The increase of [Ca 2+ ] M stimulates respiration [26, 27, 32, 47] , thus tuning local energy production to the increased needs of the 2+ ] C levels attained at rest (R) and during activation, either close to VOCCs (A 2 ) or far away from them (A 1 ). Reproduced with permission from Villalobos et al. [55] exocytic activity. Respiratory stimulation will lag behind cessation of activity until the mitochondrial calcium load is completely cleared, and this may take several minutes [57] . Much of the Ca 2+ that enters mitochondria at subplasmalemmal locations may diffuse through the mitochondrial matrix to other cell locations and, eventually, be extruded from mitochondria near the cell core. This mitochondrial Ca 2+ release probably contributes to keep [Ca 2+ ] C discretely raised during the poststimulus period, perhaps facilitating the transport of new vesicles to refill the readily releasable pool [56] .
If the location or the Ca 2+ handling properties of mitochondria in these functional triads could be regulated, this could be an effective mechanism for modulation of the exocytotic process. If these mechanisms could be extrapolated to neurons, these changes of these functional triads could contribute to modulation of synaptic plasticity. Finally, under brain stress conditions, such as excitotoxicity or ischemia-reperfusion damage, ageing or development of neurodegenerative diseases, mitochondrial dysfunction may reduce the ability of the mitochondria to muffle cytosolic Ca 2+ , this leading to increased secretion of excitatory neurotransmitters and cell overactivation, a vicious circle that may trigger processes leading to cell death [14] . Changes in CICR could also modulate the synaptic efficacy under physiological or pathophysiological conditions.
Concluding remarks
Since Douglas and Rubin [21] 2+ ] C discretely high for a long period after stimulation, acting as a kind of memory that may help to secure restoration of the initial conditions. Mitochondrial dysfunction impairs calcium homeostasis and stimulus-secretion coupling, and may contribute to generation of excitotoxic or neurodegenerative disorders.
